Sediment trap samples were harvested bimonthly from 1998 to 2000 and examined to better understand the species composition and seasonal variation of dinoflagellate cyst flux in Omura Bay in Japan. Samples' living cyst flux clearly showed seasonal variation with the higher flux number between autumn and winter. In total, 43 different cyst taxa were recorded, and these were composed of two different ecological groups. The first group included Protoperidinium compressum and Protoperidinium subinerme, which increased every autumn to winter. The second group included Gonyaulax spp. and Pheopolykrikos hartmannii and was trapped throughout the year. These two groups manifested the different flux patterns and were, respectively, heterotrophic and autotrophic in nutrition. In the heterotrophic group, protoperidinioid cysts were dominant. Vegetative cells of protoperidinioid are known to feed mainly diatoms. Sample diatom flux also increased from autumn to winter. Therefore, the increase of protoperidinioid cysts in autumn to winter was observed to correlate with diatom blooms. In contrast, the autotrophic group mostly consisted of Gonyaulacoid cysts and were generally observed throughout the year, although occurrence varied between species most likely responding to favorable environmental conditions. The results indicate that cyst production is closely related to different nutritional modes.
I N T R O D U C T I O N
More than 70 species of extant dinoflagellates have sexual reproduction to produce resting cysts, a dormant stage in the life cycle of dinoflagellate (Smith, 1955; Pfiester and Anderson, 1987; Anderson et al., 1995; Matsuoka and Fukuyo, 2000) . The function of dinoflagellate cysts has been suggested as follows: survival during unfavorable conditions (Sonneman and Hill, 1997) , seeds for next blooming (Ishikawa and Taniguchi, 1996) and species dispersal (Anderson et al., 1995) . Dinoflagellates cyst communities can reveal historical environmental conditions in coastal zones of enclosed seas. In particular, Dale (Dale, 1985) and Matsuoka (Matsuoka, 1992) discussed that changing of dinoflagellate cyst communities may reflect changing nutrient concentration of coastal waters. Cyst walls are highly resistant to physical, chemical and biological degradation and are preserved for a long time. These fossil dinoflagellate cysts have an extensive record for the past 215-220 million years (Goodman, 1987) . Also some modern dinoflagellates such as Alexandrium spp. cysts can retain the capability to germinate for at least 8 years (Mizushima and Matsuoka, 2004) .
Many questions concerned with the ecology of dinoflagellate cysts still remain: (i) what environmental conditions induce dinoflagellates to produce cysts, (ii) how are cysts concentrated in sediments and (iii) how are they kept as fossil remains. Using only standard water column samples or seafloor surface sediment samples, it is difficult to clarify what may induce cyst production. It is more effective to examine the abovementioned questions through an analysis of the dinoflagellate community's sedimentary process. Research of dinoflagellate cyst composition using sediment traps (Table I) in coastal water has been carried out in the Gulf of Naples of the Mediterranean Sea (Montresor et al., 1998) , Onagawa Bay, northeast Japan (Ishikawa and Taniguchi, 1996) , the northern Baltic Sea (Kremp and Heeiskanen, 1999) , the Gullmar Fjord, Sweden (Godge et al., 2001) , and the Lambert's Bay, the southern Benguela (Joyce and Pitcher, 2004) . Among the few published studies from open-sea samples are the North Atlantic Ocean (Dale, 1992) , Japan Trench of the Pacific Ocean (Matsuoka, 1989) , the Bellingshausen, Weddell and Scotia seas, Antarctica (Harland and Pudsey, 1999) and the Indian Ocean (Wendler et al., 2002) . To observe coastal plankton communities, it is necessary that samples be collected within an enclosed sea. Unfortunately, most studies using sediment traps in coastal areas have been of short duration and thus limited in species coverage. Few long-duration studies have been conducted, as in the Gulf of Naples which lasted 2 years (Montresor et al., 1998) .
We conducted a sediment trap experiment in Omura Bay, West Japan, from 1998 to 2000. In this bay of West Japan, Kobayashi (Kobayashi, 1982) , Kobayashi et al. (Kobayashi et al., 1986) , Matsuoka (Matsuoka, 1982) and Kim and Matsuoka (Kim and Matsuoka, 1998) investigated dinoflagellate cysts in the surface sediments to better understand cyst distribution in surface sediments with regard to nutrient (total nitrogen and total phosphorus) and environmental conditions and the appearance of red tides.
M E T H O D Sample collecting and treatment
The polyvinylchloride sediment trap was 10 cm in diameter and 30 cm in length (Fig. 1) . The trap was settled at 2.5 m above seafloor with anchors and floating buoys near Nagayo-Ura, in the southern Omura Bay (Fig. 2) . Omura Bay is located in the western part of Kyushu Island, West Japan. This bay connects Sasebo Bay to the East China Sea by two Onagawa Bay Northeast Japan Ishikawa and Taniguchi (1996) The Gulf of Naples The Mediterranean Sea Montresor et al. (1998) The northern Baltic Sea Kremp and Heeiskanen (1999) The Gullmar Fjord Sweden Godhe et al. (2001) The Lambert's Bay The southern Benguela Joyce and Pitcher (2004) Open sea
Japan Trench
The Pacific Ocean Matsuoka (1989) The North Atlantic Ocean Dale (1992) narrow straits. The mouth is extremely narrow and restricts seawater exchange with the bay. Total surface area of the bay is 320 km 2 , total volume of the seawater is 47.3 Á 10 8 m 3 and total amount seawater exchange is $160 Á 10 4 m 3 day -1 (Iizuka and Takita, 1985) . The sediment trap station was $50-60 m from the coast at a water depth of $11 m. The small Nagayo River flows directly into the Bay $4 km south of the sediment trap station. The flux collected by the trap was recovered every 2 weeks, from 1 July 1998 to 15 June 2000. Salinity and temperature were simultaneously measured by using conductivity meter. Samples were diluted to 3 L with filtered seawater and subdivided into 1-L aliquots. Two aliquots were kept refrigerated at 4 C for raw samples using another (ex. germination) experiment, and one-third was fixed with 37% formaldehyde to a final formalin concentration of 4%. Finally, all samples were concentrated to 50 mL by precipitation and removing supernatant.
Particulate dry weight of sediment flux has been calculated by using the following formula: 150 Á (C -B)/(A Á 78.5 Á cumulated days) (A, sample weight with water; B, weight of glass fiber filter; C, dried glass fiber filter and sample weight; 150, the index of concentration; 78.5, the base dimension of sediment trap). A mL of sample was taken by filtering volume using dried GF/C filters, and B (mg as filter tare weight) were measured weight in advance. The filters with sediment flux were oven dried (Yamato Drying Oven DX300) at 70 C for 24 h to determine dried filter weight with sediment flux weight (C mg as total weight).
Inorganic calcareous and siliceous particles in the flux were removed to concentrate dinoflagellate cysts . Samples were first soaked in 100 mL polytetrafluoroethylene beakers, with $80 mL distilled water for several hours to dissolve inorganic salts. After decanting the water, $10 mL of 10% hydrochloric acid was added for 8-12 h to dissolve carbonate particles. Subsequently, the samples were rinsed three to four times with distilled water. Then, 10 mL of 25% hydrofluoric acid was added at room temperature for 8-12 h to dissolve siliceous particles. The samples were again rinsed three to four times with distilled water. Finally, the samples were sieved through 125-and 20-mm stainless screens of opening meshes. Cysts remaining on the 20-mm mesh screen were collected and resuspended with distilled water to a final 10 mL volume.
Counting and statistical analysis
Between 0.2 and 0.5 mL of each concentrated sample was placed on slides with ruled lines (MATSUNAMI S-6117, No. 2) and diluted with distilled water to $1 mL. Observation and enumeration was conducted utilizing an inverted microscope (Olympus IX70) equipped with a digital camera (Olympus Camedia C-2020ZOOM). Cyst fluxes (cysts cm -2 day -1 ) were calculated by using the following formula: 150 Á A/(78.5 Á the cumulated days) (A, cyst number in 1 mL; 150, the index of concentration; 78.5, the base dimension of sediment trap). The analysis of dinoflagellate cyst assemblage employed the Shannon index (H 0 ) and is based on Shannon-Wiener's information function (Shannon and Weaver, 1949) . Following Poole (Poole, 1974) , t-test was used to determine statistical difference of the two H 0 .
In this article, we mainly use cyst names of the planktonic vegetative cells for cysts. As is standard practice for paleontological nomenclature (Williams et al., 1998; Marret and Zonneveld, 2003) , an asterisk (*) was put after the biological name. Several sediment samples collected near the sediment trap station were also subjected to palynological analysis using the method of Matsuoka and Fukuyo (Matsuoka and Fukuyo, 2000) .
R E S U L T S Dry weight and precipitation
To estimate the river influx, precipitation data were collected by the Nagayo Town municipal office at a site located 4 km south of our sampling station. These data were taken hourly every day throughout the year.
Rainfall fluctuated between 0 and 34.31 mm day -1 during the research period and, generally, increased in summer. The average rainfall for 2 years was 6.06 mm day -1 , with a first-year average of 4.82 mm day -1 and a second-year average of 7.04 mm day -1 . Total rainfall was 1720.5 mm in the first year and 2601.5 mm in the second year.
The dry weight flux ranged between 0.14 mg cm -2 day -1 (18 March 2000) and 13.90 mg cm -2 day -1 (24 November 1998) and increased from autumn to winter. Daily dry weight flux in the first year was about four times that of the second year, i.e. the average of the first year was 3.23 mg cm -2 day -1 and that of the second year was 0.86 mg cm -2 day -1 . The average flux of the 2-year study was 2.09 mg cm -2 day -1 . There was no significant correlation between the amount of sediment dry weight and precipitation (r = À0.047, P > 0.05) ( Fig. 3A ).
Dinoflagellate cyst composition in sediment trap
Eleven genera and 27 species of dinoflagellate cysts were identified (Table I) . Selected species are shown in Fig. 4 . Scrippsiella spp. is included in Table II , because these cysts with organic endophragm were visible even after palynological treatment (Matsuoka, 1995) (Fig. 5q and r ). An additional nine unidentified cyst morphotypes were observed which have spherical cyst walls of various diameters, colors and with or without slender processes ( Fig. 5a -r). Unidentified cysts, except type 7, showed seasonality. Type 7 appeared in all seasons (Appendix 1).
Dinoflagellate cyst fluxes
The flux of living cysts filled with fresh protoplasm increased from autumn to winter and ranged from 0.55 cysts cm -2 day -1 (18 March 2000) to 367.42 cysts cm -2 day -1 (13 October 1998). Observed annual maximum fluxes were 367.42 cysts cm -2 day -1 (13 October 1998) and 318.67 cysts cm -2 day -1 (18 November 1999). The average of cyst flux was 75.95 cysts cm -2 day -1 . The average cyst flux of the first year (101.32 cysts cm -2 day -1 ) was two times the flux of the second year (48.47 cysts cm -2 day -1 ). In living cysts, five species of Protoperidinium compressum (Nie) Balech, Protoperidinium oblongum ( (Tables III and IV) . There was a strong positive correlation between living cyst flux and dry weight of sediments (r = 0.897, P < 0.01) ( Fig. 3B) .
On the species level, P. compressum, P. subinerme and Z. lenticulatum appeared only in autumn and winter ( Fig. 6A ). It is noted that P. compressum occurred in December and in January, which followed the maximum occurrence of P. oblongum only in October and in November (Fig. 6B ). The maximum accumulation period of Polykrikos sp. cf. kofoidii Chatton (Fig. 4j ) was from November to January and tended to occur after the maximum accumulation period of Polykrikos schwartzii Bü tschli ( Fig. 4k ) from July to September.
Gonyaulax spp. and Pheopolykrikos hartmannii (Zimmermann) Matsuoka et Fukuyo cyst were observed throughout both years of the study, though Gonyaulax spp. consisting of Spiniferites hypercanthus*, Spiniferites sp. cf. delicatus*, Spiniferites mirabilis* (Rossignal) Sarjeant and Spiniferites bulloideus* (Deflandre et Cookson) Sarjeant were more abundant in spring and autumn ( Fig. 6C ).
On the other hand, fluxes of empty cysts devoid of fresh protoplasm ranged between 0 and 10.79 cysts cm -2 day -1 and averaged 3.49 cysts cm -2 day -1 over the 2-year study interval. The first year average flux was 4.60 cysts cm -2 day -1 and that of the second year was 2.29 cysts cm -2 day -1 . A weak positive correlation between empty cyst flux and dry weight of sediments (r = 0.548, P < 0.01) ( Fig. 3C ) was observed.
The ratio of empty cyst fluxes to total cyst fluxes fluctuated between 0% on 5 March 1999 and 43.75% on 2 April 1999. The average throughout the 2-year study period was 10.04%, with a first-year average of 11.22% and a second-year average of 8.76%. The ratio of empty to total cyst fluxes did not show much difference throughout the 2-year study. There was a weak positive correlation between empty cyst flux and living cyst flux (r = 0.559, P < 0.01) ( Fig. 7A ).
In addition to dinoflagellate cysts, other particles in the trap samples included zooplankton eggs, foraminiferal, diatoms, spores and other indeterminate particles. Benthic foraminiferal linings were observed in 0-9% of the trap samples (6 December 1999). Sediment samples from the seafloor near the trap usually included benthic foraminiferal linings 15-73%, calculated by the following expression: the number of foraminiferal linings/(the number of dinoflagellate cysts + the number of foraminiferal linings).
D I S C U S S I O N Seasonal change of dinoflagellate cyst composition
Very few benthic foraminiferal linings were found in the sediment trap samples. From this observation, we determined that sediment trap samples were not significantly contaminated by sedimentary resuspension. We also determined that most particles in the sediment trap seemed not to be terrestrial in origin transported from the land through Nagayo River. There is no positive correlation between sediment flux dry weight and rainfall. Analysed particles generated in this area and involved in sediment flux dry weight, indicated most probably the appearance of dinoflagellate cyst in this area, because there was a positive correlation between total cyst flux and dry weight of sediments.
The presence of dinoflagellate cysts clearly showed seasonal fluctuations increasing from autumn to winter.
Cysts observed in the trap were divided into two different ecological groups: species which appeared every autumn and winter (P. compressum, P. subinerme, P. oblongum, Stelladinium robustum* Zonneveld and Z. lenticulatum) and species occurring throughout the year (Gonyaulax spp. and P. hartmannii ). The former group is heterotrophic and the latter is autotrophic. However, some were not omnipresent, and they seasonally increased in spring and autumn. The group of heterotrophic species dominated by protoperidinioid cysts showed clear seasonal changes. The protoperidinioid motile cells mainly feed off diatoms (Gaines and Taylor, 1984; Anderson, 1986, 1993; Hansen, 1992) . Kato (Kato, 2000) and Shimizu (Shimizu, 2001) investigated the diatom assemblage of the same samples of our trap and reported that the observed diatom flux also increased from autumn to winter. There was a positive correlation between moving average using three points of the daily flux of protoperidinioid living cysts and diatoms (r = 0.42, P < 0.01) (Fig. 7B) . Consequently, the increase of protoperidinioid cysts during autumn and winter was probably dependent upon the increasing availability of and the feeding upon diatoms. However, the timing of the increase in heterotrophic cysts was different at the species level ( Fig. 6A and B) . The different emergence periods for each species have been triggered by the appearance of different diatom species available as food. The emergence of diatom species was also different for each species. For example, Chaetoceros affinis was dominant during 1 June-21 July, while Skeletonema costatum was dominant during 21 August-20 September in 2000 (Shimizu, 2001) . Comparing the appearance term of the dominant diatom groups (Table V) to P. compressum and P. oblongum, P. compressum appeared in the dominant term of Thalassionema nitzschioides and Proboscia alata. This suggested that P. compressum may feed on these two diatom species. In the case of P. oblongum, they appeared in the dominant term of the chain-formed diatoms as Chaetoceros spp. and S. costatum; this is consistent with the consumption of Chaetoceros sp. by P. oblongum (Jacobson and Anderson, 1986 ). However, the correlation of appearance term between diatom and heterotrophic dinoflagellate on other species level has not yet been confirmed.
In contrast, the bloom of autotrophic species depended directly upon physical and chemical environment factors, such as water temperature and nutrient concentration. Autotrophic species appeared throughout the year (Fig. 6C ), because they have a strategy to constantly grow under the favorable ambient condition. Montresor et al. (Montresor et al., 1998) showed that in samples from the Gulf of Naples in the Mediterranean Sea, cysts of autotrophic Scrippsiella spp. and gymnodinioid appeared throughout the year. In Omura Bay, some autotrophic species were seasonal and increased in spring and in autumn, and which is consistent with typical phytoplankton blooms in the middle latitude areas of the world (Heinrich, 1962; Sournia, 1969) . Major nutrients in Omura Bay seasonally increased according to nutrient data of June 1998-June 2000 (Social Welfare and Human Service Department, Nagasaki Prefecture, 1999 Prefecture, , 2000 Prefecture, , 2001 (Fig. 8A) . However, the peak of nutrients and the appearance of autotrophic species did not clearly correspond. It would be caused by kinetics of autotrophic species and sea surface temperature. Gonyaulax spp. increased in the seasons of water temperatures around 16-25 C (Fig. 8B) .
The different seasonal cyst productions appear strongly correlated to the respective dinoflagellate methods of taking nourishment.
Difference in dinoflagellate cyst composition between the Gulf of Naples and Omura Bay
Daily flux of dinoflagellate cysts in Omura Bay ranged from 7.30 Á 10 3 cysts m -2 day -1 to 3.77 Á 10 6 cysts m -2 day -1 . In the Gulf of Naples, Montresor et al. (Montresor et al., 1998) estimated that maximum daily flux of dinoflagellate cysts was up to 1.7 Á 10 6 cysts m -2 day -1 .
Shannon index (H 0 ) was 2.94 in Omura Bay and 2.48 in the Gulf of Naples. The basis for the calculation has been limited to species identified by Montresor Protoperidinium oblongum 0 . 8 6 0 . 9 6 0 0 . 5 1 0 1 . 9 6 1 . 3 6 1 . 7 9 2 . 7 3 1 0 . 9 2 1 4 . 1 1 1 . 2 et al. (Montresor et al., 1998) ; as a result, this indicates that the species diversity of dinoflagellate cysts in Omura Bay was higher than that in the Gulf of Naples (t s = 1070.1, P < 0.001). For this reason, it is conceivable that Omura Bay was mostly mesotrophic to eutrophic throughout the year (Iizuka and Takita, 1985) . On the other hand, the Gulf of Naples is influenced by oligotrophic Tyrrhenian waters (Carrada et al., 1980) . Nutrient availability likely plays an important role in the species diversity of phytoplankton communities (Sommer et al., 1993) . In Omura Bay, the daily cyst flux was higher than that of the Gulf of Naples. This was caused by the dominance of heterotrophic species, in particular protoperidinioid cysts which occupied 62.5% of species composition and 87.3% of total cyst abundance in Omura Bay. On the other hand, autotrophic calciodiellids were dominant in the Gulf of Naples comprising 75% of the number of species and 86.7% of cyst number after a recalculation based on data given by Montresor et al. (Montresor et al., 1998) . According to Matsuoka (Matsuoka, 1999) , the dominance of heterotrophic species observed in this result reflects eutrophic conditions. Thus the within total flux and daily flux changes are due to the different relative proportions of autotrophic and heterotrophic dinoflagellate cysts as determined by nourishment availability in Omura Bay and the Gulf of Naples. Rearranged from Shimizu (Shimizu, 2001) . Fig. 8. (A) The seasonal change of nutrients in Nagayo-Ura, Omura Bay-from June 1998 to June 2000 (compiled from the data given by Social Welfare and Human Service Department, Nagasaki Prefecture, 1999 Prefecture, , 2000 Prefecture, , 2001 and (B) the seasonal change of water temperature, Gonyaulax spp. flux and salinity.
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A P P E N D I X 1
Unidentified cysts
Type 1 ( Fig. 5a and b) The round brown cysts with a single layer and many spines (3-10 mm in length) are 30-45 mm in diameter excluding spines. These spines are acuminate shape, solid and rigid. They have smooth surface. They appeared from summer to winter, mainly in autumn.
Type 2 ( Fig. 5c and d) The round, brown cysts (35-50 mm in diameter excluding spines) consisted of a single layer with spines (6-10 mm in length). Their differences with type 1 are longer in size and longer in spine length. They appeared in summer to winter, mainly in autumn.
Type 3 ( Fig. 5e and f) The spherical and colorless cysts are 25-50 mm in diameter excluding spines. These spins are 7-8 mm in length, slenderly needle-like and straight.
Type 4 (Fig. 5g , i and j)
The spherical and colorless cysts are 35-45 mm in diameter with a smooth surface and without ornament. These cysts were mostly observed as their fillings being sometimes concentrated in the center. They appeared almost through the year, especially increased in autumn to winter.
Type 5 ( Fig. 5k and l) The spherical and brown cysts (40-50 mm in diameter) with double membranes, a smooth surface without ornaments. They appeared in autumn to winter.
Type 6 ( Fig. 5h) Their morphological difference to type 5 was only in the size (25 mm in diameter).
Type 7 ( Fig. 5m and n) The spherical and colorless cysts (20 mm in diameter) with a smooth surface were covered with mucilaginous material.
Type 8 ( Fig. 5o and p) The streamline and colorless cysts (10-50 mm in long, 20 mm in wide) with a smooth surface concentrated fillings. Since they appeared in autumn to winter with thecae of Prorocentrum sigmoides, they may be cysts of P. sigmoides.
Type 9 ( Fig. 5q and r) The ovoidal and colorless cysts (40 mm in diameter) with a granulated surface were probably Scrippsiella cysts, although they did not have any ornaments due to palynological treatment.
